Gliomas are a heterogeneous group of tumors that show variable proliferative potential, invasiveness, aggressiveness, histological grading, and clinical behavior. In this review, we focus on glioblastoma multiforme (GBM), a grade IV glioma, which is the most common and malignant of primary adult brain tumors. Research over the past several decades has revealed the existence of extensive cellular, molecular, genetic, epigenetic, and metabolic heterogeneity among tumors of the same grade and even within individual tumors. Evaluation of different tumor types has shown that tumors with advanced grade and clinical aggressiveness also display enhanced molecular, cellular, and microenvironmental heterogeneity. From a therapeutic standpoint, this heterogeneity is a major clinical hurdle for devising effective therapeutic strategies for patients and challenges personalized medicine.
Despite years of research and numerous clinical trials, primary human brain tumors continue to be among the top 10 causes of cancer-related deaths, accounting for 2.3% in Europe and North America. 1 Human brain tumors are a particularly diverse group of neoplasms comprising more than 120 clinicopathological entities (http://www.braintumor.org). The majority of the intrinsic neuroepithelial tumors in adults are classified as gliomas, encompassing a broad category of tumors with different growth rates, aggressiveness, and clinical outcomes. 2, 3 Gliomas are divided into circumscribed tumors, the most common of which are the pilocytic astrocytomas, and diffuse gliomas. Diffuse gliomas are further classified according to presumed cell type (astrocytoma and oligodendroglioma) as well as tumor grade according to the World Health Organization (WHO)-derived guidelines. In order of increasing malignancy, these are: lowgrade astrocytomas (LGAs)/oligodendroglioma, anaplastic astrocytoma/anaplastic oligodendroglioma, and glioblastoma multiforme (GBM), representing grades II, III, and IV, respectively. 2, 3 While in the past GBM was presumed based on morphologic criteria, to be an "astrocytic" tumor the recent WHO guidelines call that assumption into question and point to the importance of molecular pathogenesis, rather than strict morphology, for tumor classification. The present review focuses on GBM, which is the most common and aggressive of all adult primary brain neoplasms. 2, 3 In Europe and North America, the incidence of GBM is 3 new cases per 100 000 annually. 2 Similar to other types of cancers, increasing age correlates with higher incidence of GBM, with the median age of diagnosis being 64 years. 4 Despite the continual growth in the wealth of knowledge of GBM pathogenesis and therapeutic advancements, patient outcome is dismal for newly diagnosed GBM, with a median survival of 12 -15 months postdiagnosis. 5, 6 Relative to lower-grade diffuse gliomas, GBM exhibits more advanced histopathological features of malignancies, including tumor necrosis, microvascular proliferation, and elevated tumor cell proliferation. 7, 8 The unique histopathological features of GBM include intratumoral regional heterogeneity, comprising necrotic foci that are often surrounded by a hypercellular zone of "pseudopalisading" cells. 8 Pseudopalisades are known to be hypoxic and show induction of hypoxia-inducible factor 1 (HIF-1), as well as proangiogenic factors such as vascular endothelial growth factor (VEGF). 9 Variations in the extent and degree of hypoxia/necrosis in combination with variable angiogenic patterns represent a considerable problem in radiotherapeutics and antiangiogenic management of GBM. These factors in combination with reprogramming of energy metabolism 10 -an essential metabolic hallmark of tumor cells-confer an additional layer of complexity onto the heterogeneous landscape of GBM.
In this review, we discuss advances in our understanding of GBM heterogeneity, with a focus on intratumoral regional heterogeneity, hypoxia, tumor-specific metabolic reprogramming, and neovascularization/angiogenesis. Also, we discuss the clinical implications of the microenvironmental heterogeneity of GBM with respect to future therapeutic opportunities.
Regional Heterogeneity and Hypoxia
Histological evaluation of GBM tumors reveals the presence of anaplastic glial cells, marked mitotic activity, nuclear pleomorphism, and dense cellularity, as well as marked increase in microvascular proliferation.
8 However, the defining feature of grade IV GBM is the presence of hypoxic necrotic foci, often surrounded by a wave of pseudopalisading cells and the presence of highly vascular stroma. 5 More recent reports state that elevated tumor necrosis and vascular proliferation, although paradoxical, are interconnected phenomena such that either feature within a malignant tissue is a key determinant of GBM diagnosis and outcome. 11 Although pseudopalisades are frequently observed with high cellularity, they show decreased proliferation, increased level of apoptosis, and enhanced expression of hypoxic and proangiogenic markers compared with adjacent tumor tissue. 12 The prevailing hypothesis states that the central hypoxia drives the pseudopalisading cells away from the center (facilitated by elevated expression of matrix metalloproteinases 2 and 9) due to inadequate regional blood and nutrient supply. 12 GBM is known to be one of the most highly vascularized tumors, with marked vascular density and angiogenesis. However, the newly formed vessels are highly tortuous and dysfunctional and commonly show intravascular thrombosis near the necrotic foci.
9, 13 The compromised vascular integrity (regardless of vascular abundance) limits oxygen diffusion through the tissue, triggering formation of areas with low oxygen supply away from the main arterial supply. Investigations to understand the extent of hypoxia in GBM have shown that the disorganized and chaotic vascular network results in microenvironmental heterogeneity with a dynamic oxygen gradient (in terms of both level and pattern). Experimental models support increased level of hypoxia in high-grade gliomas. In turn, GBM is dominated by moderate to severely hypoxic cells, as well as a subpopulation of nonhypoxic cells.
14, 15 Evans et al 15 investigated hypoxic regions in vivo in GBM and have shown that GBM cells contain dynamic oxygenation, with oxygen-concentration ranges of 2.5% -0.5% for mild hypoxia and 0.5% -0.1% for moderate to severe hypoxia. Variable levels and patterns of hypoxia likely promote clinical aggressiveness by promoting a malignant phenotype and negatively affecting treatment response and tumor recurrence. 16 
Clinical Relevance of Hypoxia in GBM
Tissue necrosis and hypoxia have been shown to be correlated with enhanced tumor cell invasion and an aggressive tumor behavior. 16, 17 Intratumoral heterogeneity in oxygenation in combination with molecular, mutational, and epigenetic variation is considered to have a profound effect on the emergence of resistance to traditional treatment and ultimately tumor recurrence. It has been well documented that tumor tissue comprises diverse populations of cells with different radiosensitivity, and at least some of this has been linked to the dynamic level of oxygention in the tumor. Hypoxia presents an obstacle for radiotherapy, which is the mainstay of adjuvant therapy for GBM (in combination with chemotherapy). 18 Under normoxic conditions, ionizing radiation produces DNA breaks and base damage. 19 The DNA damage is due to ionization of H 2 O in or very close to the DNA, which can produce free radicals that can attach to the DNA. Free radicals can interact with available oxygen to form highly reactive superoxide radicals, which in turn can produce DNA damage and chemically modify the DNA upon reaction. In the absence of oxygen, DNA lesions produced by free radicals may be reduced by sulfhydryl-containing compounds, restoring the DNA to its original composition. 19, 20 Thus in hypoxia, potentially lethal DNA breaks produced by free radicals become less permanent following exposure to ionizing radiation. 18 Moreover, limited circulation due to dysfunctional vascularization can impact drug delivery to the site of the tumor and result in chemotherapy resistance. 21 It has been suggested that hypoxic cells have a lower proliferative capacity, which would allow them to be specifically resistant to cytotoxic chemotherapeutic agents, as chemotherapeutics preferentially target cells with higher proliferative potential. 21 Although hypoxia is detrimental to normal cells, cancer cells have undergone extensive genetic and adaptive changes that have allowed them to survive and even flourish in a hypoxic microenvironment. The emergence of evidence of hypoxiarelated radioresistance has led to the development of strategies to resensitize tumors, such as the implementation of fractionated radiation and the use of hypoxia sensitizers that mimic oxygen. 18 Several hypoxia radiosensitizers, such as doranidazole, 2-nitroimidazoles, and efaproxiral, have also been identified and tested in many cancer types. 18, 22 Preclinical findings have shown increased tumor cell death and improvements in overall local control. 18, 22, 23 However, clinical trials to date have failed to show an advantage of the use of radiosensitizers in brain tumors. 24 
Genomic Heterogeneity
The use of comprehensive genome-wide approaches to analyze genetic and epigenetic alterations in GBM, as is done by The Cancer Genome Atlas, has strengthened our understanding of GBM's genetic and molecular landscape and revealed additional insights, such as the presence of unique prognostic or diagnostic biomarkers. 25, 26 The nonuniform intratumoral pattern of genomic and epigenomic alterations in GBM, such as TP53 mutation, isocitrate dehydrogenase 1 mutation, epidermal growth factor receptor amplification/mutation, and O 6 -methylguanine-DNA methyltransferase promoter methylation, suggests the presence and coexistence of different clonal populations of cells that harbor heterogeneous and distinct growth advantage in the same tumor system. 27 Intratumoral molecular heterogeneity is clinically and therapeutically challenging, since only a subpopulation of tumor cells would be responsive to radiochemotherapy or targeted treatments such as epidermal growth factor receptor or Vartanian et al.: Microenvironmental heterogeneity in GBM VEGF inhibitors. In such cases, treatment may lead to selective elimination or expansion of subpopulations of cells within the tumor tissue, setting in motion tumor recurrence or invasive tendencies of tumors. 28 Most recently, expression profiling has provided new data recognizing the distinct molecular subgroups of GBM, each harboring unique molecular and genetic aberrations that drive tumorigenesis. 29 -32 These subclassifications have acknowledged GBM patient profiles, with different prognoses and/or responsiveness to specific therapies. Verhaak and coworkers 31 proposed 4 distinct molecular patterns for primary GBM: proneural, neural, classical, and mesenchymal. Phillips and colleagues 29 recognized the proneural and mesenchymal subtypes as being the 2 principal categories in gliomas among other subclasses prior to the subgrouping by The Cancer Genome Atlas with distinct prognostic implications. Subtyping based on epigenetic criteria has further identified a glioma cytosine -phosphate -guanine island methylator phenotype (G-CIMP), where tumors contain a high percentage of common hypermethylation at a large number of loci. 30, 32 GBM positive for G-CIMP clusters closely with secondary GBM and strongly correlates with patient age (younger patients) as well as mutations of isocitrate dehydrogenase 1. Patients positive for G-CIMP exhibit improved outcome compared with G-CIMP -negative subjects, but only under conditions of classification with exclusive prognostic value. 32 These classifications substantiate GBM's complex landscape and bring hope for future personalized therapies for patients with distinct molecular signatures. The successful treatment of GBM requires thorough investigation of factors that underlie GBM pathogenesis, with the ultimate goal of translating laboratory-found genomic data to the clinic to distinguish the real drivers behind gliomagenesis. 32 
Metabolic Reprogramming
In brain tumors-specifically GBM-heterogeneity in oxygen concentration can act as a catalyst for expression of factors regulating aerobic glycolysis or lactate production or signaling pathways that regulate aerobic glycolysis.
14 Tumor cells exhibit various metabolic anomalies; however, preferential metabolism of glucose to lactate, regardless of oxygen availability, is perhaps the most studied and principal to tumor cell proliferation and aggressiveness. 10 This phenomenon is commonly known as aerobic glycolysis, or the Warburg effect, since it was first discovered by Otto Warburg in the 1920s, for which he was awarded the Nobel prize. 33, 34 The Warburg phenomenon is often accompanied by increased glucose uptake, high rate of glycolysis, partial mitochondrial suppression/underactivation, and reduced oxygen consumption. 33 -35 With an increased understanding of metabolic reprogramming in cancer and its mechanistic and therapeutic implications, there has been increased interest in this phenonenon since the first observations by Warburg that glucose metabolism is fundamentally different in cancer cells compared with normal tissue. 33 The Warburg effect is a well-known metabolic hallmark of many tumor cells 35 and has been documented in several types of cancers, including GBM. Metabolic adaptation can be influenced by environmental factors such as hypoxia and the status of oncogenes and tumor suppressors. Under hypoxic conditions, the reliance on aerobic glycolysis can become fundamental for proliferating cells. 35 Solid tumors such as GBM frequently harbor populations of cancer cells with dynamic oxygen gradients, and as alluded to above, one of the major players in hypoxia adaptation is activation and stabilization of HIF-1a and -2a. 36 HIF induction leads to activation of a cascade of downstream targets with a broad functional consequence in various cancers. 37 -39 The most fundamental result of HIF-1a activation is a shift in energy status associated with activation of pathways involved in cellular metabolism and angiogenesis, ultimately resulting in regulation of oxygen delivery and consumption. 40 Hypoxia orchestrates an adaptation of tumor cells to metabolic stress by induction of nearly all known genes that encode glycolytic enzymes and glucose transporters (GLUT1 and GLUT3) as well as lactate exporters and pH regulators (monocarboxylate transporters [MCTs], carbonic anhydrases). 37, 41 Stability of HIF-1 transcription factors can promote the expression of multiple metabolic proteins, such as hexokinase 2 (HK2), phosphofructokinase 1, aldolase, glyceraldehyde-3-phosphate dehydrogenase, lactate dehydrogenase, plasma membrane MCT1 or MCT4, and carbonic anhydrases 9 and 12, which could in turn stimulate the glycolytic flux and facilitate lactate shuttling into the extracellular space. 37, 38, 41 Simultaneously, HIF-1a can limit mitochondrial oxidative metabolism and suppress pyruvate entry to the tricarboxylic acid (TCA) cycle. 37, 38, 41 HIF-1 transcription factors can upregulate the expression of pyruvate dehydrogenase kinase 1 (PDK1), which inhibits mitochondrial pyruvate dehydrogenase activity, thus attenuating pyruvate oxidation in the TCA cycle and in turn increasing lactate buildup in the cytosol. 37, 38, 41 HIF-1a also augments angiogenesis and endothelial cell proliferation by increasing the expression of angiogenic factors such as VEGF-A and angiopoietins. 42 Other molecular mechanisms involving known oncogenes and tumor suppressors have been implicated to converge and regulate different steps of the metabolic pathways. 43 The close interplay between metabolic enzymes and transcriptional regulators may establish a heterogeneous metabolic microenvironment within a tumor. For instance, PI3K/Akt, TP53, and Myc are 3 key genes that are often altered in cancers and can drive and promote changes in metabolism. 43 Prior work has indicated that these networks of regulation orchestrate a state of high glucose uptake/flux and activate genes involved in the glycolysis (PI3K/ Akt/TP53), 43 -45 glutaminolysis (TP53/Myc), and lipid synthesis (PI3K/Akt) 46,47 pathways. 48, 49 Thus, it is suggested that oncogenic and tumor suppressive mutations may foster tumor growth by means of metabolic reprogramming to meet the bioenergetic demand of the cell. 50 GBM is highly glycolytic in nature, with a propensity to metabolize glucose to lactate even when ample oxygen is present, a feature common in most malignant or proliferating tumors. 51, 52 Tumor-specific enzyme modification such as isoform switching (pyruvate kinase M2, lactate dehydrogenase) or metabolic enzyme overexpression (HK2, PDK1, or GLUT1/4) has been documented in GBM cells. 53 -56 These metabolic anomalies are in contrast to nonneoplastic brain tissue, where glycolysis primarily occurs under anaerobic conditions.
Prior studies by our group have shown that preferential expression of HK2, which is the first enzyme of glycolysis, is a critical mediator of metabolic reprogramming in GBM compared with LGAs and normal brain tissue. 56 In vitro HK2 depletion was shown to Vartanian et al.: Microenvironmental heterogeneity in GBM inhibit aerobic glycolysis, increase normal oxidative respiration, and induce apoptosis (especially under hypoxia) and in turn conferred a survival advantage in GBM xenograft models. 56 PDK1 is another perpetrator of aerobic glycolysis, which is upregulated in most cancer cells, including GBM. Inhibitors of PDK1 such as dichloroacetate have been shown to have an anticancer effect by shifting metabolism from glycolysis to glucose oxidation and inducing apoptosis in GBM cells. 53, 57 It is becoming apparent that metabolic needs of tumor cells are dynamic. Several reports have shown variability in GBM with respect to glucose reliance and mitochondrial oxidative respiration. 58, 59 Temporal and regional fluctuation in oxygen consumption, 60 hypoxia sensitivity, and in turn the Warburg effect are reported in GBM cell lines derived from GBM patients and established GBM xenografts. 61 -63 More recently, metabolic symbiosis between hypoxic and aerobic tumor cells was demonstrated where lactate produced in hypoxic cells could be taken up by cancer cells and used as a fuel in a region where oxygen is adequate. 64 -66 A similar symbiotic relationship has also been shown between cancer cells and cancer-associated fibroblastic cells, where different populations share energy resources to maximize metabolic efficiency. 67 A recent paper by Marin-Valencia et al 68 presents a different paradigm regarding metabolic behavior of GBM in vivo. By using carbon-13 nuclear magnetic resonance spectroscopy of tumor tissue and normal brain extracts, they show that GBM cells in their native microenvironment demonstrate mitochondrial glucose oxidation via pyruvate dehydrogenase and the TCA cycle. 68 Although now recognized as one of the major players in cancer pathogenesis, the significance of metabolic heterogeneity in GBM treatment and prognosis is still in its infancy and requires further evaluation. Understanding and decoding the interconnected microenvironmental network of genes involved in metabolic, hypoxic, and angiogenic reprogramming of cells can potentially provide insights into clinically relevant avenues for tumor classification and therapy.
Clinical Relevance of Metabolic Reprogramming in GBM
Most cancer cells show alterations in their metabolic signature compared with normal tissue. Noninvasive imaging techniques have been succesful in providing unique information and identifying variability of tumors on a range of biological processes, such as oxygen consumption, glucose/glutamine metabolism, and protein synthesis, as well as lactate levels in brain tumors. 69 A number of groups have investigated the possibility of testing global inhibitors of glycolysis either singularly or in combination with other anticancer agents such as radiotherapy and chemotherapy in various cancer types, including gliomas. There are several lines of evidence showing increased efficacy of pharmacological inhibitors of glycolysis such as 2-deoxyglucose, 70 3-bromopyruvate, 71, 72 lonidamine, 73 -75 and dichloroacetate 53, 57 by combining these agents with cytotoxic therapies through promotion of apoptotic cell death.
Targeting key metabolic enzymes involved in modulating the Warburg effect would provide a unique paradigm for the management of brain tumors; however, results from clinical trials have not been very promising to date. 53,74 -77 The major challenges are in obtaining high selectivity and eliminating unwanted toxicity caused by off-target effects. A recent report illustrates how genetic alterations in GBM can potentially be exploited as therapeutic options. Enolase 1 (ENO1) is located at the 1p36 tumor-suppressor locus. ENO1 deletion makes GBM specifically dependent on ENO2. Thus, blockade of ENO2 activity in ENO1-null GBM will have significant lethality in GBM cells with minimal side effects in normal cells where both ENO1 and 2 are expressed. 78 A key to understanding metabolic reprogramming and taking advantage of it therapeutically lies in the determination of not only critical enzymatic players but also in the integration of genomic, epigenetic, and metabolomic profiles of GBM tumors in different stages of tumor growth or recurrence.
Neovascularization and Angiogenesis
One aspect of the microenvironment that differs in normal versus tumor tissue is the pattern and the extent of vascularization.
8,79
As neoplastic cells grow in size, their metabolic and nutritional demands also expand. 80 Adaptation to a microenvironmental stressor such as hypoxia or metabolic scarcity necessitates incorporation of exogenous processes such as formation and implementation of new vascular supply in areas most deprived of oxygen or nutrients. 80, 81 As discussed above, astrocytic neoplasms are considered to be among the most vascularized of human neoplasms.
8 Transformation of gliomas from LGAs to high-grade GBM is accompanied by robust alterations in microvessel morphology and the overall vascular network. 82 Astrocytic microvascular architecture is tumor stage dependent and grade specific and differs even among tumors within the same grade. 82 Vascular density is slightly larger in LGAs compared with normal brain vessels. However, malignant transformation to high-grade GBM is accompanied by marked increase in the vessel density and striking changes in microvascular morphology and in turn its functionality 83, 84 (Fig. 1) . This so-called angiogenic switch is considered to be a critical tipping point during tumor growth that is partly induced by upregulation of proangiogenic factors, cytokines, and receptors principal to establishment of new blood vessels. 80, 81 A cascade of events such as hypoxia, adaptation of tumor cells to rapid growth, alteration of the microvasculature architecture, and synthesis of proangiogenic growth factors and cytokines triggers the onset of pathogenic vessel formation. Microvasculature heterogeneity dictated by regional and temporal differences in hypoxia and nutrition supply is a wellknown phenomenon in GBM. It is postulated that the initial stages of tumor growth are associated with co-option of preexisting vessels by neoplastic cells. 42, 85 This process is independent of angiogenesis and results in a failure to supply adequate nutrients despite the metabolic demand. 42 In the next phase of neoplastic progression, when metabolic demand of the tumor mass has exceeded the supply, the interior co-opted vessels regress and cellular hypoxia occurs. 42 The result is generation of new vessels from preexisting vasculature through sprouting of new capillaries, a process known as angiogenesis. 42, 86, 87 Angiogenesis is a complex process that involves proteolytic degradation of extracellular matrix to open the path for new vessels to arise, as well as accelerated endothelial cell proliferation and migration and establishment of new basement membrane. 42 It has been argued that Vartanian et al.: Microenvironmental heterogeneity in GBM angiogenesis by itself is insufficient to explain the complex remodeling of the vascular network. It is imperative to implement an additional mode of vascular adaptation to meet the metabolic demand of growing tumor, so-called de novo vasculogenesis, the formation of vessels from hematopoietic precursor cells. 88 In the process of vascularization, several angiogenic factors, such as VEGF-A, matrix metalloprotease 2, and/or angiopoietin-1 work alongside to stimulate and maintain endothelial cell proliferation, migration, survival, permeability, and lumen formation. 88, 89 As mentioned, tumor tissue incorporates new vasculature; however, the vessel microarchitecture is often anarchic and functionally aberrant. Imaging techniques have shown that GBM contains microvasculature that is tortuous, irregular, and dilated. 83, 84 Consequently the blood perfusion is nonuniform and can further lead to hypoxia, ischemia, and thrombosis.
GBM exhibits vascular clusterings called glomeruloid bodies or vascular tufts due to their resemblance to renal glomeruli. 79, 90 These structures are composed of small vascular channels lined by heterogeneous hyperplastic endothelial cells, pericytes, and smooth muscle cells. 47, 48 Although their functional relevance is not well understood in astrocytomas, they are ominous prognostic markers in other forms of cancer. 11 Moreover, immature angiogenic vessel walls and incompetent blood -brain barrier (BBB) have been linked to leaky vessels with increased permeability that may have a contributing effect on tumor edema and associated morbidity in GBM patients. Pericytes, which have a perivascular supporting function for endothelial cells, are atypical and show reduced coverage, which may further contribute to increased vascular permeability and hemorrhage. It is important to mention that GBM harbors partially disrupted BBB. 91 The extent of BBB disruption may well vary among patients or within different regions of a single tumor. 92 Therefore, intact BBB could pose a significant obstacle for the delivery of molecular targets or chemotherapeutics to brain tumors. 92 Heterogeneity in the GBM microvasculature can impact distribution of chemotherapy drugs within the tumor or result in a variable response to antiangiogenic therapies. 13 Also, intratumoral variability in regions of hypoxia, necrosis, and cellular proliferation Vartanian et al.: Microenvironmental heterogeneity in GBM can critically influence the angiogenic response within the tumor. 13 Dynamic hypoxia leads to variable expression of molecular markers of hypoxia, including HIF-1a and its downstream targets, such as VEGF, in turn giving rise to tumors with multifaceted angiogenic gene expression. 18 A recent study incorporated differential expression of angiogenesis-related transcripts to generate a molecular signature capable of discriminating varying grades and subtypes of astrocytomas. 93 Another study investigated changes in vasculoarchitecture in different phases of tumor growth in GBM xenografts. Regional differences in tumor hypoxia as well as intratumoral heterogeneity in the architecture of the tumor vasculature were shown to develop with increasing tumor size. 94 Recently, fractal analysis of human GBM specimens showed considerable heterogeneity in the microvascular architecture, including the density, shape, magnitude, and pattern of distribution of microvessels among different histological specimens of similar grade. 95, 96 These results suggest that human brain tumors exhibit variable angiogenic/vasculogenic patterns, 93 and individual tumors within the same histological grade may show a highly heterogeneous angioarchitecture. 97, 98 Vascular heterogeneity adds another layer of complexity to microenvironmental or metabolic variability in GBM. Understanding and decoding the interconnected microenvironmental network of players involved in metabolic, hypoxic, and angiogenic reprogramming of the cells could prove valuable and provide new insights for diagnosis and therapy.
Clinical Relevance of Neovascularization and Angiogenesis
Inhibiting blood vessel formation has been shown to be a promising strategy for GBM treatment in the recurrent setting. Antiangiogenic therapies have been extensively tested in preclinical and clinical settings in North America and Europe. 68,99 -102 Bevacizumab (Avastin), a humanized monoclonal antibody against VEGF, has been approved by the FDA for the treatment of recurrent GBM in the United States. 101, 103 Bevacizumab therapy has been shown to prolong progression-free survival in a subset of newly diagnosed GBM patients; however, unfortunately no improvement in overall survival is seen and patients invariably relapse. 103 The use of antiangiogenic therapies has been controversial due to concerns regarding infiltrative and a more aggressive pattern of recurrence following treatment. 104, 105 Currently 2 large international randomized phase III clinical trials (AVAglio and RTOG 0825) with bevacizumab in combination with radiochemotherapy have been completed for newly diagnosed GBM, and preliminary indications are that the addition of bevacizumab does not improve overall survival in the newly diagnosed setting. 106 Full reporting of these studies will be instrumental in determining the efficacy of combining bevacizumab with standard therapies in GBM.
Conclusion and Future Outlook
In the last 20 years, concurrent use of temozolomide with radiation therapy has been the only major advancement in the management of newly diagnosed GBM patients, providing only a 16% increase in patient survival up to 2 years postdiagnosis (from 10% to 26%). 107 This incremental improvement in patient survival suggests that new therapeutic approaches that integrate and combine novel targeted therapies with standard treatments such as radiochemotherapy are warranted. Extensive genomic and microenvironmental complexities among patients with the same histopathological tumor subtype as well as within a single tumor have become apparent in GBM, which increases the challenge. Heterogeneity in GBM's genetics, metabolomics, or epigenetics may explain the failure of identification of robust predictive markers that could improve therapeutic outcome and minimize drug resistance. 108 There is an evolving recognition of the important role of metabolic heterogeneity and regional hypoxia in regulating neoplastic transformation and therapeutic responsiveness. The specific role of microenvironmental factors and their interactions with inherent molecular and genetic variability in GBM should be taken into consideration during treatment and therapy stratification. Rational treatment strategies in which therapies are individually tailored based on metabolic and regional heterogeneity represent an important step required to tackle the heterogeneous nature of GBM.
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